We calculate the axial orbital and spin torques of guided light on a two-level atom near a vacuumclad ultrathin optical fiber. We show that the generation of these torques is governed by the angular momentum conservation law and is in agreement with the Minkowski angular momentum formulation. We find that, due to the interaction between the atom and guided light, photon angular momentum and atomic spin angular momentum can be converted into atomic orbital angular momentum.
It is well known that, like energy, linear and angular momenta can be transferred from light to atoms, molecules, and material particles and vice versa. For the field in a dielectric medium, several formulations for the linear and angular momentum densities can be found in the literature [1] [2] [3] [4] [5] . The appropriate forms of the field linear and angular momentum densities remain contentious because the debate has not been settled by experiments. Depending on specific situations, one of the forms of momentum appears as the natural, experimentally observed momentum.
Angular momentum of guided light has been calculated in the Abraham [6, 7] and Minkowski [6, 8] formulations. It has been shown that the Abraham angular momentum of a photon in a quasicircularly polarized guided mode with an azimuthal mode order l increases with increasing l [7] but is different from lh [6, 7] . Meanwhile, it has been pointed out that the Minkowski angular momentum per photon is quantized to be exactly equal to lh [6, 8] . The transfer of angular momentum of a scalar paraxial light beam to a particle in free space has been studied [9] .
Recently, the force of guided light on an atom near a vacuum-clad ultrathin optical fiber has been investigated [10] . The azimuthal component of the force leads to an axial torque and consequently to a transfer of angular momentum from guided light to the orbital motion of the atom.
In this Letter, we study the transfer of angular momentum from guided light to a two-level atom near a vacuum-clad ultrathin optical fiber. We consider a two-level atom driven by a near-resonant classical field with optical frequency ω c and envelope E near a vacuum-clad ultrathin optical fiber (see Fig. 1 ). The atom has an upper energy level |e and a lower energy level |g , with energieshω e andhω g . The atomic transition frequency is ω 0 = ω e − ω g . The fiber is a dielectric cylinder of radius a and refractive index n 1 > 1 and is surrounded by an infinite background vacuum or air medium of refractive index n 2 = 1. We use Cartesian coordinates {x, y, z}, where z is the coordinate along the fiber axis, and also cylindrical coordinates {r, ϕ, z}, where r and ϕ are the polar coordinates in the transverse plane xy.
The atom interacts with the classical driving field E and the quantum electromagnetic field. The quantum field in the presence of the fiber can be decomposed into the contributions from guided and radiation modes [11] . In view of the very low losses of silica, we neglect material absorption. The Hamiltonian for the atom-field interaction in the dipole approximation is [10] 
where σ ij = |i j| with i, j = e, g are the atomic operators, a α and a † α are the photon operators, Ω = d eg ·E/h is the Rabi frequency of the driving field, with d = d eg = e|D|g being the matrix element of the atomic dipole operator D, and G α andG α are the coupling coefficients for the interaction between the atom and the quantum field [10] . The notations α = µ, ν and α = µ + ν stand for the mode index and the mode summation. The index µ = (ωN f p) labels guided modes, where ω is the mode frequency, N = HE lm , EH lm , TE 0m , or TM 0m is the mode type, with l = 1, 2, . . . and m = 1, 2, . . . being the azimuthal and radial mode orders, f = ±1 denotes the forward or backward propagation direction along the fiber axis z, and p = ±1 for HE and EH modes and 0 for TE and TM modes is the phase cir-culation direction index [11] . The longitudinal propagation constant β of a guided mode is determined by the fiber eigenvalue equation. The index ν = (ωβlp) labels radiation modes, where β is the longitudinal propagation constant, l = 0, ±1, ±2, . . . is the mode order, and p = +, − is the mode polarization index. The notations
−kn2 dβ denote the summations over guided and radiation modes.
In a semiclassical treatment, the center-of-mass motion of the atom is governed by the force F = − ∇H int [12, 13] . The azimuthal force component F ϕ is responsible for the rotational motion of the atom around the fiber axis. The axial component of the orbital torque is T z = rF ϕ . This torque component characterizes the rate of the change of the axial component of the orbital angular momentum of the atom. When we use the result of Ref. [10] for F ϕ , we find the following expression for T z :
Here, ρ ij = i|ρ|j with i, j = e, g are the matrix elements of the density operator ρ for the atomic internal state.
is the axial torque component resulting from the driving field and is given as
The term T (spon) z is the axial torque component produced by the recoil of spontaneous emission of the atom in the excited state |e and is given as
where α 0 denotes resonant guided modes and resonant radiation modes with the frequency ω = ω 0 . Note that
is the axial torque component produced by the recoil of the photons that are scattered from the atom with the excited-state population ρ ee . The terms T (vdW)e z = −∂U e /∂ϕ and T (vdW)g z = −∂U g /∂ϕ are the axial torques resulting from the van der Waals potentials U e and U g for the excited and ground states. The potentials U e and U g are
and δE (vac) g are the energy level shifts induced by the vacuum field in free space. Note that δω
)/h is the Lamb shift of the transition frequency of the atom in free space. The detuning of the field from the atom near the fiber can be written as ∆ = ∆ 0 − (U e − U g )/h, where
is the detuning of the field from the atom in free space.
In the following we calculate the components of the axial orbital torque T z . First, we calculate the axial orbital torque T (drv) z produced by the driving field. We assume that this field is prepared in a quasicircularly hybrid HE or EH mode, a TE mode, or a TM mode. Such a mode can be labeled by an index µ c = (ω c N c f c p c ). The azimuthal mode order is l c = 1, 2, . . . for HE and EH modes and 0 for TE and TM modes. The amplitude of the driving field is
We introduce the notations V 0 = V z and
−q (r)e −iqϕ e ifcβcz+ipclcϕ . This leads to
Then, Eq. (3) yields T
On the other hand, the time evolution of the population ρ ee of the atomic upper state is governed by the equatioṅ ρ ee = −Im(Ωρ ge ) − Γρ ee [12] , where Γ = 2π α0 |G α0 | 2 is the rate of spontaneous emission of the atom in the presence of the fiber [20] . Hence, the axial component of the orbital torque of the driving field is found to be
It is clear that T (drv) z is produced by the force F
/r = (p c l c − q)h(Γρ ee +ρ ee )/r, which is the azimuthal pressure force component. Equation (7) describes the exchange of angular momentum between the guided driving field and the atom in the excitation process. According to [6, 8] , the canonical angular momentum of a photon in the guided driving field in the Minkowski formulation is p c l ch . The change of the spin angular momentum of the atom due to an upward transition is qh. The scattering rate is Γρ ee and the upward-transition (photon-absorption) rate is Γρ ee +ρ ee . Then, it is clear from Eq. (7) that the angular momentum of absorbed guided photons is converted into the orbital and spin angular momenta of the atom. Thus, Eq. (7) is in agreement with the conservation of the total angular momentum of the atom-field system. Moreover, Eq. (7) is in agreement with the Minkowski formulation of angular momentum of light. Our result is consistent with the results of Refs. [14] [15] [16] [17] [18] [19] .
The axial spin torque produced by the driving field is
We have T 
, where j (spin) and j (orb) are the spin and orbital parts of the Minkowski angular momentum of guided light [8] . This means that the spin and orbital angular momenta of light are not transferred separately to the spin and orbital angular momenta of the two-level atom, unlike the case of small isotropic particles in free space [9] .
We note that, for l c ≥ 1 and q = p c , we have (p c l c − q)h = p c (l c − 1)h. In this case, Eq. (7) indicates that the photon angular momentum is converted into the atomic spin and orbital angular momenta. For l c ≥ 1 and q = −p c , we have (p c l c − q)h = p c (l c + 1)h. In this case, Eq. (7) says that the photon angular momentum and the change of the atomic spin angular momentum have the same sign and add up in generating the atomic orbital angular momentum. For l c ≥ 1 and q = 0, the total photon angular momentum is converted into the atomic orbital angular momentum. Equation (7) can be used for not only hybrid modes (l c ≥ 1) but also TE and TM modes (l c = 0). In the cases of TE and TM modes, we have T (drv) z = −qh(Γρ ee +ρ ee ), which indicates that the atomic orbital angular momentum can be generated from the atomic spin angular momentum through the interaction with a photon in a TE or TM mode having no angular momentum.
The conversion of atomic spin angular momentum into atomic orbital angular momentum via the interaction with a guided photon is possible because the guided mode is a structured field with a complex polarization profile. When an atom with a π, σ + , or σ − transition interacts with a plane-wave field in free space, in accordance with the selection rules, the atomic spin angular momentum is converted only to the photon spin angular momentum.
Note that, in the case where the atom is at rest and in the steady-state regime, we haveρ ee = 0. In this case, we obtain T
. We plot in Fig. 2 the torques T We now calculate the axial orbital torque T (spon) z produced by the recoil of spontaneous emission. The expressions for the coupling coefficients G α=µ,ν are given in Ref. [10] . In the case where a single spherical tensor component d q of the dipole matrix element vector d is nonzero, we find ∂G µ /∂ϕ = i(pl − q)G µ and ∂G ν /∂ϕ = i(l − q)G ν . In this case, the axial component of the orbital torque of spontaneous emission recoil is found from Eq. (4) to be
where γ µ0 = 2π|G µ0 | 2 and γ ν0 = 2π|G ν0 | 2 are the rates of spontaneous emission into guided and radiation modes [20] . Equation (9) describes the exchange of angular momentum between the quantum field and the atom in the spontaneous emission process. Indeed, the angular momentum of a photon emitted into a guided mode µ = (ωN f p) or a radiation mode ν = (ωβlp) is plh or lh, respectively, and the change of the spin angular momentum of the atom due to a downward transition is −qh. Then, it is clear from Eq. (9) that the angular momentum of re-emitted photons is converted into the atomic spin and orbital angular momenta. Thus, we observe again the conservation of the total angular momentum of the q = 1 We plot in Fig. 4 the total axial orbital torque T z as a function of the radial position r of the atom at rest and in the steady-state regime. The results of calculations for different types of guided modes with a given power are shown. We observe from Fig. 4(a) that, for q = 1, the axial component T z of the total orbital torque is larger for the HE 11 and HE 21 modes with p c = q = 1 than for the TE 01 and TM 01 modes. However, Fig. 4(c) shows that, for q = −1, in the region r/a > 1.15, T z is larger for the TE 01 and TM 01 modes than for the HE 11 and HE 21 modes with p c = −q = 1. The occurrence of this feature is due to the fact that, for q = −1, the Rabi frequency Ω is larger for the TE 01 and TM 01 modes than for the HE 11 and HE 21 modes with p c = −q = 1.
In conclusion, we have calculated the axial orbital and spin torques of guided light on a two-level atom near a vacuum-clad ultrathin optical fiber. We have shown that the generation of these torques is governed by the angular momentum conservation law and is in agreement with the Minkowski angular momentum formulation. We have found that the photon angular momentum and the atomic spin angular momentum can be converted into the atomic orbital angular momentum.
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